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ABSTRACT

A photometer e_loylng a liquid hydrogex_cooled mercury-doped

germanlmu photocouductor _hose spectral response is limited to _h_ 8 - ]J_

region _j a l_otpass interference filter and a BaF 2 window coupled with

_le cell' s threshold wavelength has been placed at the east arm Cassegraln

focus of the 200 inch Hale telescope.

Twenty-five stars have been measured. _e earliest star for _Ich

two measurements have be_n obtained is tho BaIa star _ Orlonis. _he

latest star is the M7e star _Cygni. Th, brlghtest star, ]_37 x 10-14

watts/cm 2 , is a Orlonis. The carbon star DS Peg was also m_asur_d.

In a two-color diagram formed with B and V there is an intrinsic increase

in dispersion going to later type stars and a systematic trend away

from the blackbody relation _he ratios of the stellar fluxes to those

expected from blackbodi_s of the published stellar effectlve-temperatures

and angular diameters are not far from on_. A systematic trend exhibited

may not be real because of the assumptiors involved in in_erferometrlc

diameter determinations. DS Peg does not appear over3y peculiar in

the two-color plots, but _Cygni falls on the opposite side of the black-

body curve ("blue excess") compared with most of the late type stars.

The fluxes presented her_ have not b_en corrected for presently -

uncertain telescope transmission losses _hich may be important.



I. INTRODUCTION

In a r_w classic paper, Coblentz (1914) r.ported the r_sults of

the first attempt to _asure st-llar radiation at all wawl_rgths

observable from the surfac_ of th..arth, using th_ 36 inch Crosl_y

refl_ctor of th_ Lick Observatory. H_ lat.r _xtend_d thes_ _fforts with

the 40 inch refl_ctor of t_le Low_ll Observatory (Coblentz, 1922). He

reported the detection of some small amount of radiation which he

believed to be of wavelength in _xcess of 4 _ • Neglecting the doubt

that filter transmission was known with sufficient precision to insure

against a shorter wavelength leak, the 8 - 14 _ radiation would have

been swamped by the atmospheric transmission of radiation between 4

and5_ .

The most extensive work in st_llar radiometry was done with the

iOO inch telescope at the Mount Wilson Obs,rvatory by Pettlt and Nicholson

(1928). It is the basis for _hat is still th_ most widely used bolow_tric-

correction and effective-temperature scale (Kulper, 1938), _xcluslve

of very early stars (Popper, 1959).

All such early observations of infrared radiation w_re mad_ with

thermal detectors operated at ambient t_mperatur_. In addition to

possessing v_ry low responsivltles, these d_vic_s ar_ subject to the

statistical photon noise of the total radiation emanating from 4_Y

steradiana of 3OO°K radiation, together with the real thermal fluctuations

in the conductive as well as radiative e_rgy-_xcha_e coupling to their

ez_Iro:_:_nt.

In the last IO to 15 years the long-wavele_gth threshold in the
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r_sponse of quant_a d_tectors, in particular photocor_iuctiw and photo-

voltaic devices, has be_n extended sufficiently to allow stellar photometry

conslderable b_yond I M . Whitford (1948), Felgett (1951), and Hilt_r

(Stromgr_n, 1955) have don_ _xtensive work with the l_ad-sulfld_, cell.

Jchnson (1962) has established a four band infrared color system with

effective-wavelengths at 1.3, 2.2, 3.6, and 5.0 M , using an indium

antimonide c,ll and bands accurate_ deflr_d with int,rfer_nc_ filters.

The present paper reports th_ _asurement of 25 stars from B8

to M7 using a photometer incorporating a liquld-h_drog_n-cool_d _rcury-

doped germaniumI photoconductor sensitive to radiation from 8 - 14 M •

These are the first observations of stars at such a long wavel_h.

Quantumdetectors have mot b_en successful_ used for this purpose b_fore

and thermal detectors have _ver possessed sufficient sensitivity, at

least in previous modesof operation. [See Westphal, Murray, and Martz

(1963) and Murray and Wildly (1963, plus the other paper in this issu_

hereafter referred to as Paper I.)

77. _ OBSERVATIONS

The star u Orionis was successful_ observed on two nights with

the photometer attached to a 19 _ tel_scope at a 12,800 foot site

on the goumds of the Univ_rslty of California' s Whit_ Mountain Research

Station. This obs_rvatlon has already b_en r_port_d (Murray and Wild_y,

1963) and the equipment and observatory d_.scrlbed (Murray and Wildey,

Paper I; Westphal, Murray, and Martz, 1963).

..... i • I

_nufactur_d b_ T_xas Iz_trum?mts, Ir_..



-3-

The results presented h_r_ wer_ obtalne_d with th_ sam_ photometer,

but attached to the 200 inch tel_scop_ of th_ Palomar Observatory at

the east-arm Cass_grain focus. Th_ obs_rvatlons w-re coll_ct_d during

twilight periods, _h_n th_ r_gular r_t observer was off the t_l_scop_,

from October 22 to November 5 and Dec_mb*r 12-15, 1962. Th_ visual

stellar image was focused on a deflni_g aperture of 5.9 s_co_ds-of-arc

diameter located in the center of an aluminized diaphragm. Guiding was

done through a periscop, focused on the aluminized dlaphragm. Th_

starlight th_n entered the photom_.ter through a barium flcurid_ window,

whose weak reflection was also of some h_Ip in guiding. This diaphragm

aperture would b_ considered too small for ordinary UBV photoelectric

photometry except und_r the best s_ei_g conditions. However, 8 - 14

scans across the image of Betelgeuse u_ler conditions of normal se_i_g

w_re flat-topped and sharp-shouldered, sugg_stlng that se_i_g may be

better in the 8 - 14 M r_glon than in the vislbl_. Th_ diameter of

the diffraction disk was slightly mor, than 1 s_c. of arc.

The responsivlty of th_ c,ll was calibrated for each run except

for two runs _her_ u Orionis, based on its m_as_on_ on other nights,

was usod to _stablish the absolute power sc_!e, u Orionis _as measured

every run and its residual was used to obtain a systematic correction

for the run. This correction was or_ly applied _hen it was obvious that

all stars measured that night were systematical_y off, in order not to

obtai_ _rant_d compounding of the primary photom_tric error.

The formal probabl_-err_ of a singl_ observation of u Orlonis was

computed to be six percer_ in flux, including, r_cessari_y, random orrors

arising from not only fundamental sources of noise (J_so_, shot, gen_r-

ation-rncombination, photon) but also thos_ arlsi_g from non-stationary
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fluctuations in sky-and-telescop_ brightness and from variations in

atmospheric ex_ inctfon, respomivity, and calibration procedure°

Systematic errors which m_y _ present in the power scale presented

here are discussed in more detail in Paper I. We estimate that total

systematic errors are not in _xc_ss of a f_w terns of percent from the

combined effects of systematic errors

in the atmospheric _xtlnction model assu_d and systematic errors in

the calibration procedure arising from non-unlty emissivities of th_ black

bodies and from the fact that their radiation is not d_.tected through

the telescope so that it may be treated rlgorous_y as equal to that from

unknown celestial bodies as far as the effects of parallax, diffraction,

and vigrettlng are concerned. We further recognize the possibility that

the present aluminum coatings of the 200 inch telescope mlrrc_s may be

too thin to provide, the very high reflectivity at I0 _ expected from such

surfaces.

loss es •

S_ th_ footnot_ to Table I r_gardisg tel_scope transmission

III. THE REDUCTIO_

The reduction procedure for observations of extended objects is

described in detail in Paper I, bu_ it will be given cursory conslderatlon

here in order to establish a point of departure for th_ development of

the reduction procedure for point sources.

The signal in mlcrovolts from a celestial blackbody of temperature

T _lich completely fills the focal plane diaphragm aperture, with or with-
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out _e intervention of the t_l_scop_ system , is given by

.[lh_ -I<X 5 e_c z
S - Ro Bx (T) S (X) e dX

8_

(l)

where S(X) is a normalized respons, function _hich we hav_ moas1_ed,

Bx(T) is th_ Plar_k function at the temporatur_ of th_ black body, and

the ._xponential t_rm is th_ atmosphp.ric _xtlnction. _a_ _rtlnctlon

t_rm can be. considered to have such a form, _here Kk is the atmospheric

2
absorption-scatterirg coefficier_ per unit air mass cm a_d sec Z is

the nmuber of air mss,s through _hich the observation is made, _rovldirg

that it is based on extinction measurements of sufficient wavelength

resolution; otherwise it must be. considered a gen=ral function of k

and s_c Z to be determined _mpirlcal_. In Paper I, an

1
extinction model based on a (sec Z) 2 law was used. Subsequent measure-

ments at Palomar_ however_ by Westphal (private communication)_ though

not yet complete, s_em to indlcat_ that _ wavelength-integrated law for

stellar objects obeys, at least on some days:

Log = -a z (2)
So

_ere a is very apprc_Imate_y 0.05. This is the law _hich has been

correction scheme must be comsidered preliminary at this stage.

Returning to equation I, the integral has been developed as a one

parameter family of curves in the parameter sec Z with T as the iz_eper_t

* virtue of the correspondence of the F ratio of the tel_scope to the F

ratio describirg the conical field of view of the optically umassisted

photometer and ignoring ar_ trar_mlsslon losses within the tel=scop_.

t_ed in the present paper, although we _ recognize that a,_ extinction
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variable. R° is determined with the liquid N2 vs. water-ice calibration

by knowing S and en_erhE th_ curves with T = 273 ° and sec Z = O. The

brightz_ss-temperatures of unknown extended som'ces can thereafter be

S

obtair_d by enter ing the curves wi%h -_o and sec Z.

With regard to th_ reduction for stars, development begins by

assuming their 8 to 14 _ color-tomp_ratur_ _quals their published

effective-temperature in order to tak_ best account of the color-dependence

of the w_velength-ir_egrated responsivity.

Let S' be the slgrml a star would yield if it were a uniformly

bright disk and 6Teat&y overlapped the field a£ view, and let S* be

the real sigrml from the star. Then at a_ sec Z the ratios of these

two slgrmla is given by the ratio of the star's real solid angle to the

solid angle transformed to _ space accepted by the focal plane

diaphragm aperture, _hlch we will call _:_ and _o respectively. Thus

s* (3)

H_ever S' is given by _c_ation 1. Thus substituting into _atlon

under th_ integral we obtain: _ _

S* R° /14 _ -K k Sec Z
•,---- F x S(X) e dX (4)

8

inhere FX is the monochromatic flux at earth from the star.

Entering our set of curves at T_ we multiply S* by the ratio of

the integral for sec Z - 0 to that for sec Z of the oheervation)which

we read from the curves. This m_mber can be put lute equation 4 for

the case _here s_c Z = 0 on the right hand side of (4). Thus:
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S @ 8._ _.B x (T_)= S(k)_ dk= .. _ = --.--R°

14 p, ._.xsec Z _'_-_' o_, ° 8

./" Bx (T_) S(X)e ax
8it

Fx S(_O dX (5)

Without higher wavel_rgth resolution the result carmot be axpressed

n

in a form more meaningful tha_that of a wavelnngth-averag_d monochromatic

flits._hose effectlv_-wavelength is given by.

m
A Bx (T) s(X) d X

8_
' - • t :......

./" Bk (Te) S(k) dk
81_

(6)

which, for a star, has be_n calculated to be always about 10.2 _.*

The flux on the _ of (5) _ms corms out of _ iz_egral and t_e final
/k

answer is:

14P.

. b, d (7)
- • c ..... _ -"± ' L- • -

Ro ]A_ ]A_t -Kxsec Z
,/" ./ B x (Ze) S(k)e dk S(_))d_'

8_ 8_

We thus see that assumed stellar temperatures serve only in the capacity

of determining k and in allowing for the color dependence af the
e

extinction correction. In th_ present paper an empirical .i_egrated

extinction mod_.l has been used _hlch is only valid under the assumption

that since it was determin_A using the mm and sinc_ all stars have t_.mp-

*In our earlier note (Murray and Wildey, 1963) the number given for k was

9.7_. • 2his latter value (9.7) is in fact _ median waveler_th of S_

B_ (T) and is less £dez_ifiable wlth-_'k than I0._. _he previous _o_e
d_flnes X co_e--_'_y but the 9.7 M figure is in error.

e
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eratures so high as to present r_.ar_v the same.,spectrophotometrlc gradient

in the 8 to lh _ r_glon, they obey the same integrated extinction law.

Thus we have _sed:

S*"
F roe o I0 a sec Z= (8)

Ro

8_

Equation 7, however, is the g_n_ral reduction _quation with _lich a

unique extinction model will lead to the _xact axtlnction correction for

a black bod_ flux emitted at ar_ temperature, and is the one which,

hopefully, can be referred to in future work with refinad extinction

models.

As a matter of interest, the ratio -_-_/FAe has b_n computed

for a 3200 ° blackbod_ and been found to be.,0.96 + 0.02 m. _.

IV. R_W_ULTS

The most significant value of the data wl/l _ realized _hen

photometl_ and spectrophotometry in other regions of the spectrum have

been put on an absolute power scale so that the absolute monochromatic

fluxes for stars can be, constructed over as wide a range and with as high

a resolution as possible. It is now possible to do this in the photo-

multiplier region using the calibration of Wil3_trop (1960). Overlap

between the wavelength responses of photomultipliers and photoconductors

ms_ soon obviat_ the _ed for an independent absolute calibration in

the near infrared. Much of the rocket ultraviol_t stellar photometry
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is alread_ on an absolut_ scal_. This kind of approach is also r_eded

to put the bolometrlc-corrPction scale on a sound basis, though the

present observations are at too long a wavelength to be very i_portant

for this part of astrono_. In the m_antimethe present data can be

presented in several wa_s that ar_ of interest.

Table I sho_mthe results for the stars m_asured in the present

study. Columnthree gives the form_l probable error from all the

measurementsof each star. A blank indicates that the star was measured

o_ once. The spectral types in column four are from Johnson and Morgan

(1953) and t_.e tabulation of Johr_on (1962).

Figure I sho_rsa color-color diagram _here B-V is plotted against

V + 2.5 log _ 1016. V and B-V are frc_ Johnson and _4_rgan (1953) and

from an ur_ublished side program of bright star UBV photo_lectrlc photo-

merry incorporated in a i_ photometry program (Wildey and Pc_n, in

preparation). Stars measured or_ly once hav_ not be_n plotted. Also

plotted is a blackbody curv_ normalized to pass through a Lyr. B-V was

taken from Arp (1961). The other color (V+2.5 log -_--xIO16) was th_

one normalized and was computed assuming monochromatic magnitudes at

effective-wavelengths of 554OA and 10.2 _ . The stars appear to fall on

the blackbod_r curves from earliest type through F. Beglrmlng at K the

scatter about the blackbod_ curve increases together with a systematic

trend d_ard. The latest star in th_ plot, however, falls above the

curve. This is the Mira variable % Cygni. The carbon star DS Peg does

not depart noticeably from the general trend of normal lat_ type stars.

In _ure-_w_ is displayed the color-color diagram of Johnsonts

K-L (1962) versus L + 2.5 log _ 1016. Again stars measured order once



TABIZ 1

STAR F_x lO-16watts P.E.* Sp

c_ Ori 137 1.8 % M2M31ab

P Per 13.1 6.8

Tau 27.8 2.8 K5 Ill

Tau i.44 4. i KO Ill

C_m 6.24 4.i A1 V

Aur 6.60 .....
Aur /o,Eo 0.7 G8 III+F
U_M 4.60 6.6 MO III

c_ Lq4_ 3.1_9 7.6 KO Ill
cl Cmi 4.03 2.9 F5 IV-V

_ Ceti 7.6O M2 III
,:iPer i.67 I_. 9 F5 Ib

Gem 6.11 1.4 KO Ill

# Ori :.76 o.h B8 Ia
d Iyr 1.88 1.6 AO V

_a 5.54 18.5 K5
_' Her 37.6

_g 45.2 0.2 M7 e
Orl 3.8 B2 1"1"1

Aur 7.2

o4 Leo 4.1 ]57 V

DSPeg 3.20 3.7 C6 3
R_Tr 13.8 9.8

S Ig'r 6.34 5.3

/_ Cep 3.67 13.4 M2 Ia

*_ese error values are relative only. _e above fluxes have not been

corrected for _e teleac_e tramminsion losses tmsmuch as _d-
eratioms involved in a complete correction factor are mot settled at

the present time. Thin correction factor can ramge from 1.23 for the
case of thick fresh alumimm coatings, to more than 2.0 (t) for older

al_mlnlzatlo_s of low thickness posslb_ present in the optics of the

200 inch %el_scope.
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have not be_n plotted. A fairly systematic trend is axhlblted frum

earliest type through F, but b_yond this there appears _hat honesty

demands b_ t_rmed a scstt_r diagram.

In _i_tre _ we hav_ plotted the ratio of the measured flux from

each star to the flux -xpected from a blackbody possessing that stars

published dlam_ter and effective-temperature. It should b_ pointed out

that the latter two parameters ar_ not measured independently. The

open clrcl_ represents a Ceti, which was measured or_ once and yields a

relatively weak infrared signal. The three late type stars have individual

effective-temperatures and interf_rom_ter diameters (Pease) published by

Pettit and Nicholson (1928). The eater star is Sirius _hose diameter

was obtained by quantum interferometry by Haz_ry Brown and Twlss (1956)

from which the effective-temperature was calculated by Popper (1959).

There mz_ be a systematic trend from deficit to _xc_ss of flux as one

goes to lower temperatures.

V. DISCOSSION

The first thing _hich is striking is the dlsagre_m_nt between the

fluxes for a Orionis as m_asured at Palomar and at Whit_ Mountain _hich

amounts to about a factor of thre_ even if th_ sam_ extinction models

are used_ If the star is assumed to behave nearly llke a blackbody such

a variation in flux so far out on the foot of the Plank function implies

a huge temperature variation, approximately from 1600 ° to about 3500 °.

Extensive efforts to vitiate this by searching for errors in the reduction

and the measurement of parameters related thereto, and also by making
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reasormble adJustmenSs of atmosph_rlc _xtlnctlon have be_n fruitless.

Neither can the dlffer_nc_ bo _xplai_od by the spilling of light out of

the focal plane aperture du_ to either se_i_g or diffraction. Prelim-

inary r_duction of Jovian brightl_ss-t_perature measurem_mts at Palomar

yield a result in reasonabl2 agreem_nt with th_ _it_ Mountain data maklrg

it d_?fic_t for th_ a Ori dlscr_pancy to b. _xplalned by differences in

atmos_leric or tel_scope transmission losses. Betelgeus_ was _ot measured

during _e December run at Palomar so that ar_ posslbl_ variation between

November and December has gone unrecorded.

The greater scatter of the late type stars r_lative to the early

types in Figure I appears to be r_al because in ger_ral the _arly types

gave ¢2,eweaker slgrels. On_ can think of the scatter as arising from

at least two causesz (I) Since these stars are giants they are farther

away and are suffering from variable amounts of r_ddenlng, or, (2)

later stars actual_ constitutn a more heterogeneous group and _hlblt

greater dispersion due to the atmospheric effects of d_f_r_nces in age

and chemical compositlo_

The first possibility requires that the interstellar absorption

at I0 _ not be negligible relative to that at 5500A because only in this

way will the reddening trajectories be signiflcant_y non-coincident with

the intrinsic ur_eddened blackbody two-color relatio_ Such a scattering

law is not suggested by current ideas regarding the interstellar medium

(Dufey, 1957, page 213).

With regard to the second possibility, in the case of the ear]y

stars the tightness of the plot can be made reasonsble. It se_ms likely

that we do not look into atmospheric layers _here the temperaturn is low
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enoughfor _xtrem_ wavel_mgth - and - t_peratur_ s,nsltlv_ forms of

8 - 14 _ opacity such as those arising fr_ molecular transitions to

be significant. It is thus expected that the opacity will be primari_

due to free - fre_ tra_itlons of H-or H II. In th_ long way,length

limit _le stimulated _mission t_rm will be r_ar_y as larg_ as th_ posltiv_

absorption term. Be overall absorption will go as 12. _hus th_ lo_g_r

the wavelongth the higher _i_ absorption co_Iflci, nt and th, narr_,r

the t_mperature ra_g_ of the contributing atmospheric layers. One should

thus obtain as good a blackbod_ as or_ can hav_ as long as the assumption

of local-thermod_n_mic_equilibrlum resins valid for th_se outermost

layers. The d_partures fr_ _ for i0 Lacertae, computed by Travi_g

(1957), ar_ sufficiently small at sufflci_y sd_allow m_an optical

depths, even for bour_i-free transitions of hydrogen, as to suggest that

blackbody surface _misslon is a reaso:mbl_ corrollary of high infrared

opacity.

The molecular species _Ich may be populating the cool, t_ous,

outermost Isyers of giant late-type stars is, however, not a subject

upon _ich narrow th,or_tical rostrlctlons can b, plac_d. Consid2rlng

also the possibility that hi_ altltud_ stratifaction _£f_cts in thes_

atmospheres may be important, an 8 - 14 M opacity that is strongly

se_sltive to chemical co_positlon, t_perature, and surface gravity (h_nce

initial chemical composition, mass, and age) is not a priori unreasonable..

IAmber (1958) has suggested that water bands might be. present in the

infrared spectra of these stars. These considerations suggest a basis

for the dispersion of late type stars in _gures i and 2, and posslb_y

also th_ variation of the I0 _ flux of B_telg_use, but in the case of
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Figure IB-V can certairdy be the source of dispersion for late type

stars.

The systematic trend e_hlblted in Figure 3 Iy be due to the spectral-

type d_pemdence of the systematic error in the assm_d llmb-darkenlng

coefflclen5 used in the reduction of the interferometry. Agreement would

be approached by an increase of the coefficient for late types and a

d_crease for the earSy type. In ar_ case, the observatlor_ suggest

that 8 - 14 _ stellar radiation is only of thermal origin.

The original contribution of Mr. Jam_s A. W_stphal to th_ design

and development of _ sp_ciallzed Instrumen_atlon used in this investi-

gation and his assistance in gathering some of the observatlons have be_n

of inestimable value. The observing assistance of M_ssrs Dow_ll Martz,

Ral_ Wilson, Hu_ard Pohn, Kenr2th Watson, and Dr. Gerry Neugebau_r is

gratefully acknowledged. We wish to axpress particular thanks to the

Moun_ Wilson and Palomar Observatories for permission to use the 200 inch

telescope, and for contlrmed help and encouragement. It is a pleasure

to thank Dr. R. P. Kraft and Dr. J. B. Oke for critical readimgs of the

manuscript. This research has been supported by the Natiorml Aeromau_Ics

and Space Administration udder Grant NaG 56-60 and by the National Science

Foundation under Grant G-25210.
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